The effect of halothane or nitrous oxide or both, on division of cultured, murine bone-marrow cells was investigated. Halothane caused a dose-dependent depression of growth rate ranging from a minimal effect at 0.5% to almost total inhibition at 2.0%. Nitrous oxide 75% had an effect similar to 0.5% halothane and the combination of 0.75% halothane with 75% nitrous oxide produced results little different from 1.0% halothane alone. There was good recovery from 1.0% but not from 2.0% halothane. It is concluded that, in vitro, bone-marrow cells show a similar sensitivity to these agents as was found for other mammalian cell lines which have been investigated. The effect of nitrous oxide was no more than proportional to its narcotic potency relative to halothane.
It is well established that inhalation anaesthetic agents in clinical concentrations inhibit the growth and division of many plant and animal cell lines (Fink and Kenny, 1968; Jackson, 1972; Sturrock and Nunn, 1975) . It is thought that this effect underlies the clinical observation of leucopaenia which has been reported after prolonged administration of nitrous oxide (Ablett, 1956; Lassen et al., 1956; Wilson, Martin and Last, 1956 ). These reports all describe complex pharmacological situations in which the patients had received many different drugs which might have influenced haemopoiesis. Nitrous oxide was implicated directly in the experiments of Green and Eastwood (1963) , who administered 80% nitrous oxide to rats and found the leucocyte count decreased from 15 000 to 1300 per (ilitre by the 6th day of exposure. There was also progressive marrow hypoplasia and disappearance of mitoses, although megakaryocytes and platelets were unaffected. In the same year, Eastwood and colleagues (1963) reported temporary remissions in myeloid leukaemia when patients inhaled nitrous oxide. Bruce and Koepke (1966) reported leucopaenia when rats were exposed to 0.45% halothane.
In the present study we have investigated the effects of nitrous oxide and halothane on colony formation by precursor cells from mouse bonemarrow. The cells were grown in vitro in semi-solid agar, using a modification of the technique described • Present address: Department of Medicine, University of Birmingham.
by Bradley and Metcalf (1966) . Our first object was to discover if bone-marrow precursor cells were, in fact, sensitive to these agents, since there is known to be great variation in the sensitivity of different kinds of cells to anaesthetic agents (Fink and Kenny, 1968) , and there are other possible mechanisms, apart from inhibition of cell division, which might result in leucopaenia when a patient is anaesthetized for a long time. Secondly, we have investigated the differential sensitivity to nitrous oxide and to halothane because there is strong evidence that equinarcotic concentrations of all anaesthetic agents do not necessarily cause equal inhibition of cell division (Sturrock and Nunn, 1975) . Thus one or other of these agents might be relatively sparing in its effect on division of bonemarrow cells. Finally, we studied nitrous oxide and halothane in combination because of the possibility that there might be synergism in their action on dividing cells (Sturrock, J. E., and Nunn, J. F., in press ).
METHODS

Cell culture
Mouse bone-marrow cells were cultured in semisolid agar using a modification (Howell et al., 1974) of the technique of Bradley and Metcalf (1966) . In this system precursor cells divide and differentiate to form colonies of granulocytes or macrophages or both if substances with colony-stimulating activity (CSA) are added to the culture system. An extract of pregnant mouse uterus prepared by the method of Bradley, Stanley and Sumner (1971) provided appropriate CSA.
Two-to three-month-old C57 BL mice were killed by cervical dislocation and the bone-marrow was flushed from the femora using Leibovitz L-15 medium (Flow Laboratories Ltd). The cells were washed twice in this medium and counted in a haemocytometer. Equal volumes of double-strength modified Eagle's medium (Howell et al., 1974) with 18% foetal bovine serum (Flow Laboratories Ltd) and 0.6% agar were mixed with the mouse bone-marrow cells to give a final concentration of 25 000 cells/ml. Aliquots of 1 ml of this mixture were pipetted as a single layer into 30-mm diameter Petri dishes (Sterilin), together with 100 (jditre of pregnant uterus extract as CSA source.
Design of the experiment
Immediately after preparation of the dishes, they were assigned at random to control and anaesthetic groups, and each group was confined in a separate gas-tight, humidified, polystyrene box, within which the gaseous environment could be controlled. The boxes were kept in a warm room at 37 °C. After periods of 24 or 48 hr, dishes were removed from the anaesthetic boxes and transferred to a recovery box for the rest of the experiment.
The number of groups of four or more cells and the number of cells per group in an area of 20 mm 2 of each Petri dish were counted, using inverted microscopes at x 80 magnification, in the warm room at 37 °C. The pH of the medium was maintained by keeping the dishes in an atmosphere of 5% carbon dioxide in air throughout the counting procedure. Three to six dishes from the control box were counted at 24, 48 and 72 hr after the start of the experiment. As an additional control, a similar group was maintained and counted in the box which was used for recovery from the anaesthetic. At the completion of the periods of exposure to anaesthetic agents, dishes were counted before transfer to the recovery box and were counted again at 48 and 72 hr as applicable. (After 72 hr the clusters were large and no further attempt was made to count individual cells.) Cultures were terminated at 7 days and the number of colonies (;s 50 cells) and clusters (4-^19 cells) were counted for the whole area of each dish.
Control of gaseous environment
Control and recovery boxes were flushed with 5% carbon dioxide in air, from a premixed cylinder, whenever the boxes were opened. Thereafter they were sealed and maintenance of carbon dioxide concentration for periods of 24 hr was demonstrated with infra-red gas analysis. The anaesthetic boxes were flushed with various anaesthetic gas mixtures until it was demonstrated by intereference refractometry that the effluent gas had the same refractive power as the inflowing gas, which took approximately 30 min at a flow rate of 1 litre/min. Nitrous oxide was dispensed from a premixed cylinder containing 75% nitrous oxide, 5% carbon dioxide and 20% oxygen. Halothane was vaporized from a Drager Vapor vaporizer using as carrier gas either 5% carbon dioxide in air or the nitrous oxide mixture described above. The Vapor was calibrated by gas chromatography. Generally, the delivered halothane concentration was between 90 and 95% of the indicated concentration, except when the nitrous oxide mixture was used as the carrier gas, when 0.75% halothane was delivered at a nominal 1 % setting.
All gas mixtures were prepared in a cool laboratory at approximately 20 °C and passed through nylon tubing into the warm room and then, via a humidifier, to the appropriate box. Effluent gas was ducted back to the cool laboratory, where it was monitored with the interference refractometer and then vented into the fume cupboard. Refractometry was used to demonstrate that halothane concentrations were effectively unchanged after boxes had remained sealed for 24 hr.
Rate of equilibration of the agar with anaesthetic
The motile ciliate Tetrakymena pyriformis was used to determine the rate of equilibration of agar with halothane. Tetrahymena were embedded in agar and their movement was observed at 20 °C during alternate periods of exposure to air and 3% halothane vaporized in air. It is know that these organisms are rapidly and reversibly affected by anaesthetic agents with a 50% reduction in swimming velocity at 1% halothane . In dishes of the type used in this study, filled to a depth of 3 mm with agar, movement of embedded Tetrahymena ceased within 15 min and recovery took a similar time on withdrawal of halothane.
Quantification of results
Bone-marrow cultures present formidable difficulties in the quantification of growth. Some precursor cells divide regularly from the start of the culture period, while others have a latent period of 1-5 days before division begins. Others divide a few times and then stop. The majority of cells do not divide at all and soon disappear from the culture. The problem is to select an index of growth which concerns principally the actively dividing cells. We have selected the following three parameters of growth which seem to be appropriate to the system. (a) The mean number of clusters of four or more cells per denned area of dish (20 mm 2 ), counted during the period 24-72 hr after plating. This parameter shows the effect of anaesthetic agents on the initiation of division of those cells which divide early in the culture period. Following the example of Metcalf (1969) , four cells were taken as the minimum number to constitute a cluster.
(b) The mean aggregate number of cells in the five largest clusters per defined area of dish, counted during the period 24-72 hr after plating. This parameter shows the effect of anaesthetic agents on the rate of division early in culture.
(c) The number of colonies (50 cells or more) and clusters (4-49 cells) per dish counted after 7 days of culture. This is an index of survival of cluster and colony-forming cells.
Normal cell cycle time is approximately 12 hr during the phase of active division. (Figs. 1 and 2) All control preparations showed a progressive increase in the number of clusters between 1 and 3 days of incubation. Halothane 0.5% had no effect after 24 hr of exposure (on day 1), but thereafter there were small reductions in numbers of clusters, bordering on statistical significance on days 2 and 3, with similar results for exposures of 24 and 48 hr ( fig. 1) . Halothane 1.0% produced a marked reduction in clusters which was highly significant for 24 and 48 hr exposure on all three days. Again there was no difference between the 24 and 48 hr exposure. Recovery (assessed as the slope of the lines in figure 1 ) was evident within the first 24 hr after termination of exposure to halothane. Treatment with 2.0% halothane resulted in there being very few clusters under any of the conditions tested. This index gave no evidence of recovery from 2% halothane within the first 48 hr of termination of exposure to halothane. Nitrous oxide 75% produced minimal changes, roughly comparable with those seen after exposure to 0.5% halothane. Halothane 0.75% in 75% nitrous oxide had effects which were not distinguishable from 1% halothane.
RESULTS
The mean number of clusters of 4-49 cells
The mean aggregate number of cells in the five largest clusters
The effect of the anaesthetics on this index of growth was similar to the effect on the number of clusters (see above). Halothane 0.5% and 75% nitrous oxide produced minimal and barely significant changes. Halothane 1.0% caused a highly significant decrease in cluster size under all conditions tested. After 24 hr exposure, cluster size was 77% of control but changed little during the next 24 hr, by which time the size was only 45% of control. This was similar to the cluster size in dishes removed after 48 hr exposure which, surprisingly, recovered more quickly than those exposed for 24 hr so that, for both groups, growth rate between 48 and 72 hr was similar to control. Exposure to 2% halothane resulted in gross depression of cluster size from which no recovery was noticed by the 3rd day. Exposure to 0.75% halothane in 75% nitrous oxide produced results almost identical to those with 1.0% halothane. It was seen again that exposure lasting 24 hr was followed by a lag in recovery, while exposure for 48 hr was followed by recovery with a slope similar to 24 hr exposure and to controls. Counts for dishes exposed for 24 and 48 hr were almost identical on the 2nd and 3rd days.
Number of colonies and clusters after 7 days
Expressed as a percentage of control figures, there was a dose-dependent depression of colony formation in dishes exposed to halothane (50% depression with about 1.1% halothane). This did not achieve the 95% level of significance with 0.5% halothane. Nitrous oxide had little effect and this was similar to an equinarcotic concentration of halothane (0.56%). Halothane 0.75% in nitrous oxide had less effect than was expected for an equinarcotic concentration of halothane (1.31%).
Cluster formation also showed a progressive decline with increasing concentrations of halothane. However, there was an increased number of clusters with 0.5% halothane, compatible with retarded growth of colonies. Table I shows cluster and colony formation expressed as a percentage of control, after 7 days in culture. There was little difference between 24 and 48 hr exposure to anaesthetic agents for all experiments, except for that with 2% halothane, in which 48 hr exposure caused a much greater depression of both cluster and colony formation. 
DISCUSSION
For the reasons outlined above, this heterogeneous cell culture cannot yield quantitative results of the type obtained with a pure cell culture. We have not attempted, therefore, to quantify depression of growth in terms of prolongation of cell cycle time, or to calculate 50% effective doses of the anaesthetic agents. Nevertheless, all three indices of growth gave consistent results. Halothane 0.5% and 75% nitrous oxide reduced growth by a small amount which verges on statistical significance, and which was followed by recovery. Growth curves have a normal slope after the 2nd day, and numbers of clusters were higher than control values for 0.5% halothane on day 7. Halothane 1% and a mixture of 0.75% halothane with 75% nitrous oxide produced marked depression of all indices of growth, although with good recovery after the 2nd day. Nevertheless, both colony and cluster formation were reduced on day 7, indicating that recovery was not complete and some cell death had taken place. With 2% halothane there was gross reduction of growth and very little recovery.
We are unable to explain why 48 hr exposure to the anaesthetic agent usually produced no more effect than 24 hr exposure. Counts were never significantly different on day 2, whichever duration of exposure was used. Recovery of growth rate occurred during the first 24 hr after a period of exposure lasting 48 hr (except in the case of 2% halothane), whereas there was a tendency for recovery to be delayed for 24 hr after exposures lasting for 24 hr. It was as though the second 24 hr exposure was without effect, although the anaesthetic concentration in the boxes was checked after 24 hr and all were re-gassed. Measurements at 48 hr did not reveal any appreciable loss of anaesthetic and final concentrations were better than 90% of initial content.
Nitrous oxide 75% appears to have an effect similar to that of halothane of equinarcotic concentration (0.56%). For the 7-day colony and cluster formation, it appears that the nitrous oxide/halothane mixture is slightly less effective than the comparable halothane concentration (1.31%). Certainly there is no evidence of synergism.
Although we do not feel able to assign ED 50 values for the anaesthetics, it appears that the effect of anaesthetic agents on division of bone-marrow cells in culture is quantitatively rather similar to the effect on Chinese hamster fibroblasts (Sturrock and Nunn, 1975) and mouse heteroploid cells (Fink and Kenny, 1968) . There is no evidence of a greatly enhanced in vitro sensitivity to nitrous oxide, which would explain in itself the agranulocytosis reported after prolonged use of nitrous oxide. Indeed, the results suggest that clinical agranulocytosis of the type reported by Lassen and his colleagues (1956) may result from a combination of factors, perhaps including the tetanus toxin, and various drugs given concurrently, rather than from nitrous oxide alone. It is also possible that sensitivity is markedly greater in vivo than in vitro.
The action of anaesthetic agents on dividing cells is complex and unlikely to result from a single action at one point in the cell cycle. There appears to be a delay in entry of cells into the DNA-synthetic phase and moderate depression of incorporation of labelled thymidine into DNA (Bruce and Traurig, 1969; Jackson, 1973; Sturrock and Nunn, 1974) . In addition, there is a delay in entry into mitosis and the duration of interphase is prolonged (Sturrock and Nunn, 1975) . Mitosis is also abnormal, with moderate prolongation and appearance of so-called c-motisis (Sturrock and Nunn, 1975) . Multipolar mitoses and multinucleate cells also occur, but are more frequent when nitrous oxide and halothane are administered together (Sturrock and Nunn, in press 
SUMAMO
Se investigo el efecto del halotano, el 6xido nitroso o ambos en la division de celulas cultivadas de los murinos. El halotano produjo una depresion dependiente de la dosis del ritmo de crecimiento desde un efecto minimo al 0,5% a la casi total inhibici6n al 2%. El 6xido nitroso al 75% tuvo un efecto parecido al halotano al 0,5% y la combinacidn de halotano al 0,75% con el 6xido nitroso al 75% produjo resultados no muy diferentes del halotano al 1,0% solo. Hubo buena recuperation del 1,0% pero no del halotano al 2,0%. Se llega a la conclusion de que in vitro, las celulas de la medula muestran una sensibilidad parecida a estos agentes como se descubri6 en otras formas de ceMas de mamiferos investigadas. El efecto del oxido nitroso no fue mas que proportional a su potencia narcotica en relation con el halotano.
